Abstract. The paper presents the methodology of determination of emissivity coefficient of steel in the direct cooling temperature range, which allow self-definition of this parameter in automated temperature control system used for direct cooling of drop-forged parts. Based on the actual temperature of the surface of the workpiece, the system automatically adjusts the velocity of fanforced air to produce desired cooling rate and course of cooling curves. To enable automatic correction of cooling rate, the system must rely on exact remote temperature measurements. This is conditioned by correct definition of emissivity in pyrometer gauge system. Traditionally, pyrometers use presets of a constant value, selected as to get optimum consistency for the temperature range concerned. As the emissivity is time-dependent, the idea of the approach presented in the paper is to use time dependent characteristics, to attain the minimum discrepancy between actual and measured values during the whole cooling cycle.
Introduction
Increasing requirements of high-duty parts performance create the necessity for new materials and innovative processing techniques. For complex-shape parts, which typically are impression-die forged, the best combination of high strength and ductility is accomplished by replacement of traditional quenching and tempering of high-carbon alloyed steels with thermomechanical processing of microalloyed steels [1, 2] . In addition to fine grained microstructure and, attributed to it, superior mechanical properties, such as high ultimate strength and yield stress, ductility, impact strength, transition temperature and cracking resistance, utilization of thermomechanical treatment by means of controlled processing produces encouraging total costs reduction [3] . It is estimated that taking full advantage of the potential offered by controlled processing and replacement of traditional steels with microalloyed grades can give saving up to 40% of the total production costs. Therefore, although used for decades now, improvements in cotrolled processing technologies are still a subject of numerous projects and research, concerning emerging grades of steels [4, 5, 6] , new applications [7÷10] and/or innovative realisation techniques [11, 12] .
Most commonly, controlled processing of microalloyed steel is used in stationary processes, such as rolling. Equal cross-sections, strain rate and cooling rate make the process stable. Stability of the process conditions throughout the whole cycle as well as reproducibility of the conditions between consecutive runs makes the implementation and control relatively easy. Once the process parameters are properly determined, consistent mechanical properties are obtained. Therefore, in case of rolling technologies, controlled processing is well implemented and widely used both for annealing and quality heat treatment [13, 14] .
In forging, problem of providing stable cooling conditions in the volume of the forged part is more complex. Strain and temperature gradients associated with nonuniform strain, strain rate, generated deformation heat, friction induced heat, metal-die heat transfer and least but not least, cooling rate differences produce temperature gradients during cooling [15, 16] . These gradients produce significant differences between surface and the core, as well as, between varying in transverse dimensions sections of the forged part [17] . Qualitative illustration of the influence of abovementioned factors associated with thermal factors on the cooling curves profile in depicted in Fig. 1 . Taking these thermal discrepancies into consideration is necessary to obtain uniform microstructure and mechanical properties in the bulk of the part. Fig.1 . Schematic illustration of factors affecting cooling rate relative to TTT diagram of medium carbon microalloyed steel, indicating: A -effect of cross-section thickness, B -effect of location under the surface, C -effect of cooling media Diversity of geometry brings about the necessity for determination of unique cooling conditions, individually for each forging reference. In order to provide required level and repetitiveness of final mechanical properties, correct determination and strict control of thermo-mechanical process parameters must be attained to allow austenite transformation kinetics conforming to those assumed on the basis of time-temperature-transformation diagrams. In industrial practice, controlled processing process parameters are selected and determined for individual geometry [28] . Usually, trial and error method, more or less aided with numerical simulation, is used. Hence, meeting the requirements as for the mechanical properties calls for numerous industrial "iterations". However, other technological setbacks, such as temperature instability during long series yet must be taken into consideration.
The idea of the work is an application of controlled-cooling line, which unlike the most of the industrial assemblies, is facilitated with automatically controlled system, which involve automatic determination of cooling conditions on the basis of instant temperature measurements. The use of actual temperature measurements as a basis for cooling rate control allows compensation for fluctuations or variations of thermal conditions. However, correctness of temperature measurement must be guaranteed. As the temperature changes continuously during cooling, so must emissivity used for it measurement. The paper describes solution of this problem. To cope with this inconvenience, a concept of automatic selection of emissivity coefficient has been proposed.
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Implementation of automatic temperature control
The controlled cooling line consists of several cooling zones. Each of them allows independent setting of fan frequency, producing required air flow rate. When the forging process is completed, the heat treated part comes into the beginning of the line, where its temperature is measured. The end-of-forging temperature is an input for definition of the velocity of forced air, working as a coolant. Temperature measured after each cooling zone is compared to a defined value, tending to minimize the difference to zero by adjustment of the cooling rate. The schematic representation of the concept is shown in Fig. 2 . Fig. 2 . Schematic diagram of temperature control in the industrial line As shown in Fig. 2 , in order to adjust appropriate air flow velocity in consecutive cooling zones of the final heat treatment line, temperature measured at the exit of each of the zones is transferred to the control module. As the intermediate course of cooling curves has an impact on kinetics of transformations in steel, the automatic system of cooling rate control requires accurate temperature measurement. The system depends on temperature measured, which is feedback looped to work as a control signal. As the heat treated part, which at the start of cooling process is about 1000÷1200 °C hot, is transferred through consecutive cooling zones, remote temperature measurement must be used. Hence, proper functionality of the cooling device is conditioned by the accuracy of pyrometer temperature measurement. The value of the measured signal is a function of temperature of an object, but it is also influenced by emissivity.
During high-velocity forced-air cooling of forgings directly after deformation process, rapid temperature drops are observed. Because the direct cooling starts right after forging, the start-ofcooling temperature fluctuations may occur. Due to significant temperature changes during heat treatment, the control of the direct cooling system must involve flexible self-definition of emissivity coefficient in defined time intervals. To enable automatic determination of emissivity coefficient and characteristics of its dependence on temperature, automated procedure was created.
Emissivity determination
The pyrometer measurement, like other systems of remote measurement of temperature, relies on correct determination of emissivity coefficient. Emissivity coefficient is used as a material constant, which characterizes the object's capability of emission of infrared radiation or, in other words, it is the measure of the energy of emitted infrared radiation. The energy of infrared radiation which is emitted by the surface is dependent on the temperature of the body and on the condition and physical properties of the measured surface. For ideal radiator (also referred to as "black body") the emissivity coefficient equals to 1 (or 100%), whereas glassy surfaces exhibit emissivity close to zero. For example, the emissivity of polished aluminum surface ranges from 0,05 to 0,2 and polished copper 0,02 to 0,1. If the value of the emissivity coefficient in the pyrometer is too high, it is supposed to indicate temperature lower than actual, provided that the measured body is warmer than the environment.
Control Engineering in Materials Processing
Estimation of emissivity with high accuracy is very hard. It depends on many factors, including, type of object, angles of reflection, surface condition, wavelength and temperature [19] . Suppose that wavelength effect could be neglected, the most inconvenience in temperature measurement is variable temperature of an object. The emissivity coefficient is temperature dependent; therefore definition of a constant value can only be used in limited range of measured temperature. The wider the range, the bigger the measurement error. In case of continuous cooling line with forced air, where velocity is corrected online and temperature changes are very rapid and seldom reproducible, accurate definition of emissivity coefficient is the basis for proper realization of predesigned heat treatment cycles.
Direct measurement of emissivity using the definition: ratio of sample emissive power to blackbody emissive power is the most popular method. This technique involves measurement of the examined object and specially prepared reference plate of known emissivity [20] . Sometimes special reference paints are used [21] . Quite similar manner of definition of emissivity depends on measurement of actual temperature with a thermocouple or contact temperature detector, followed by pyrometer measurement with simultaneous modification of emissivity coefficient, until the consistency with thermocouple indication has been obtained.
Experimental
Automatic procedure of emissivity determination. As mentioned, direct cooling of forgings is associated with fast temperature drops, often separated by isothermal intervals. Every unique cooling conditions results in special cooling cycles, making it inconvenient for predefinition of emissivity. Hence, functional dependence was suggested. To create temperature-emissivity characteristic for self-definition of emissivity during industrial conditions, special procedure was established.
Determination of the dependence of emissivity on the materials temperature was to be solved by automation of the latter of the above described methods. It was suggested that the system should be a classic fall-behind feedback control system. Given the value of the forged part surface, measured with a thermocouple, the pyrometer measured temperature is regarded as a controlled variable. On the basis of the difference in temperature, the controller sets the control quantity, which in this system is the emissivity coefficient transferred to a pyrometer. Schematic diagram of the method is shown in Fig. 3 . Fig. 3 . Applied procedure of automatic determination of emissivity characteristics As the increasing emissivity coefficient causes decrease in a pyrometer temperature indication, reversal of sign of input value and feedback was made (Eq. 1). For determination of emissivity coefficient differential version of a digital proportional-plus-integral algorithm was used. The algorithm calculates the required value of emissivity. The calculated increments are summarized in the controller and the absolute value of emissivity is output (Eq. 2). 
where: ε ι -emissivity, T S -sample time K R -gain, T I -integral time
Results. Using the automatic procedure, presented in Fig. 3 , emissivity coefficient dependence on temperature was established. The experiment involved continuous cooling of simple shape specimen, which ensured perpendicular placement in relation to pyrometer. The measurement of actual object's temperature was carried out with contact thermocouple. The mass and dimensions of the specimen allowed slow enough temperature decrease, so as to provide enough time to inverse calculation of the coefficient. Besides, to avoid oxidation which would be a cause for additional error, austenitic steel was used. Obtained plots of temperature versus cooling time, and correspondingly, emissivity changes along with resulting error of temperature measurement, are shown in Fig. 4 .
As it can be seen, the most unstable is start of the procedure. On account of violent drop of temperature, overestimation of the emissivity coefficient occur, which exceeds 1.0 at the start of the procedure In order to reach consistent value of indication violent peaks and drops of emissivity are observed. To prevent from excessive fluctuations initial value of emissivity is predefined. Below 1000 ˚C, the system has caught the correct reference, which can be clearly seen in the plot of error. From that moment on, it fluctuated around zero within 5 ˚C, increasing at low temperatures (500÷400˚C). However, this region is of less importance from the phenomenological standpoint. Fig.4 . Plots of changes of automatically determined emissivity coefficient and its error with temperature From practical point of view, more interesting is behaviour of the error of measurement versus temperature, which allow conclusion of measurement reliability in concerned range of temperature. Such correlation is show in Fig. 5 . As it can be concluded, the error is increasing with decreasing temperature.
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Control Engineering in Materials Processing As the temperature plots show, constant difference between pyrometer and thermocouple was attained throughout the cooling cycle, in accordance to expected discrepancy between the surface and the depth of 3 mm. The pyrometer indications equalize at 500 ˚C, which means that from that point downwards the pyrometer indications are slightly overestimated. However, that range of temperature seems of less significance as for austenite transformation phenomena. 
Conclusions
Wide range of weight and geometry of forged parts subjected to direct cooling heat treatment, as well as the spectrum of grades and final properties requirements, brings about the necessity for provision of unique cooling conditions, individually for each forging reference. To minimize the trail and error procedure of determination of cooling conditions, the use of automated system of temperature control is suggested.
As the controlled object, that is, forged part during direct cooling, is being transferred during the treatment, the control system must involve remote temperature measurements. For proper reliability, pyrometer measurements of temperature were used in the system. On account of rapid drops of temperature during forced-air cooling, the necessity was to implement automated system for emissivity determination, which greatly influence the accuracy of the pyrometer indications.
Application of a classic fall-behind feedback control system, with differential version of a digital proportional-plus-integral algorithm for determination of emissivity coefficient, allowed for continuous time dependent characteristics of emissivity in a wide range of temperature.
The automated procedure of determination of emissivity during continuous cooling allowed keeping the measurement error within 5% in the range above 750 ˚C. The error exceeded 15% only below 500 ˚C, which is far below crucial austenite transformation points.
